Abstract Background: Evaluating postoperative femoral neck facture (FNF) with metal fixation hardware is commonly performed using radiographs. MRI has greater sensitivity and specificity to evaluate osteonecrosis (ON) but is often challenging due to the image distortion caused by metallic hardware. Questions/Purposes: The aim of this study is to compare fast spin-echo (FSE) and multiacquisition variable-resonance image combination (MAVRIC) sequences in assessing ON following metallic fixation of FNF and determining feasibility of semiquantitative perfusion using MAVRIC. Methods: Radiography and MRI were performed at 3 and 12 months postoperatively, using FSE and pre-and post-gadolinium contrast MAVRIC sequences in 21 FNF patients. The presence and volume of ON were recorded. Signal intensity (SI) enhancement was measured on the MAVRIC sequences within the center and rim of ON; with the ilium and femoral diaphysis as controls. The detection rate of ON between MAVRIC and FSE images was evaluated as the difference of percent enhancement across the defined regions of interest. Results: ON was detected in 0% of radiographs, in 67% of FSE, and in 76% of MAVRIC images at 3 months follow-up, with similar results at 12 months. MAVRIC images had larger ON volume than FSE images at both time points. A significant percentage SI enhancement was only detected in the ON rim. Conclusion: Radiographs could not detect ON following metallic fixation of FNF. MAVRIC is more sensitive than FSE for determining the volume of ON. SI measurements using MAVRIC may provide an indirect assessment of perfusion.
Introduction
Femoral neck fractures (FNF) are prevalent in patients with osteoporosis [11, 17, 26] . A complication of FNF is femoral head avascular necrosis/osteonecrosis (ON) and non-union, particularly in displaced FNF, attributed to femoral head ischemia [2, 7] . Although patients with ON after FNF fixation may remain asymptomatic, undiagnosed ON could cause unexplained and underreported pain after surgical fixation of the fracture [15] . The risk of collapse and eventual development of hip osteoarthritis emphasizes the clinical need of early detection and close follow-up with advanced imaging.
Most fracture complications are assessed by postoperative radiographs, which are limited by the twodimensional imaging technique and poor soft tissue contrast. The prevalence of ON using radiographs is between 11 and 25% when using internal fixation after FNF [4, 16, 18, 27, 28] and up to 40% following displaced fractures [29] .
MRI is the most sensitive (99%), specific (99%) [25] , and accurate non-invasive imaging modality [24] for early detection of ON, compared to radiography and scintigraphy [3, 33, 34] . A prior MRI study of FNF demonstrated an ON prevalence of 47%, with most patients presenting with non-displaced FNF [32] . A limitation of MRI following surgical fixation of FNF is magnetic susceptibility artifact, results in slice, and frequency misregistration of signal encoding. The artifact obscures visualization of soft tissue and osseous detail adjacent to the stainless steel instrumentation. Susceptibility artifact may be diminished by using a wide readout bandwidth [14] , but slice encoding distortions will still be present. Newer, three-dimensional (3D) multispectral imaging (MSI) techniques, such as the multiacquisition variable-resonance image combination (MAVRIC) sequence, mitigate in-plane and throughplane metal susceptibility artifacts to allow detection of bone and soft tissue detail around metallic implants [13, 20, 21] . The prevalence of ON following metallic fixation of displaced FNF remains unclear using sequences with metal artifact reduction protocols. As MRI is considered the standard by which ON is diagnosed in hips without instrumentation, the same should apply following placement of instrumentation, and the newer 3D MSI techniques such as MAVRIC may facilitate diagnosis and aid in local perfusion measurements in the presence of instrumentation.
Therefore, the purposes of the study were (1) to compare the ability of two-dimensional (2D) fast spinecho (FSE) and MAVRIC sequences to visualize ON around stainless steel instrumentation in FNF patients and (2) to determine the feasibility of performing estimated semi-quantitative perfusion measurements in the bone marrow with the MAVRIC sequence. We hypothesized that the prevalence of ON would be greater than that determined by traditional radiographic assessment alone.
Patients and Methods
Institutional Review Board (IRB) approval with informed consent was obtained prior to data acquisition. The inclusion criteria for patients were (1) over 18 years of age, (2) presentation with sub-capital fracture of the femoral neck, and (3) normal kidney function as determined by glomerular filtration rate (GFR). Exclusion criteria were (1) prior allergic reaction to gadolinium contrast, (2) MR incompatibility with implanted ferromagnetic devices, (3) pregnancy, or (4) breast feeding. MR images of 21 consecutive patients (5 male, 16 female, 61.7±12.2 years [mean±SD]) were acquired immediately following FNF, at 3.4 ±0.9 months, and at 12.0 ± 0.6 months after FNF repair. All repairs were performed with two stainless steel pin fixation (Synthese, West Chester, PA) and a fibular cortical bone allograft placement. The right side was affected in 53% (11/21) of the patients and 95% (20/21) of patients had displaced FNF; Garden I: n=0, Garden II: n=1, Garden III: n=16, and Garden IV: n=4 [8] .
All MR imaging was performed with a 1.5-T clinical scanner system (450 DVMR, General Electric Health Care, Waukesha, WI) using eight-channel phased-array cardiac coil (GE Healthcare, Waukesha, WI). 2D -FSE proton density images were acquired in three orthogonal planes at all time points. Pre-and post-contrast MAVRIC images were obtained in the coronal plane at 3 and 12 months postoperatively. Imaging parameters are summarized in Table 1 . Conventional radiographs were acquired in all patients preoperatively, immediately after FNF and at 3 and 12 months after surgery.
The presence of ON was recorded on conventional radiographs by radiologists blinded to the MRI results. The presence, location, and volume of ON were recorded using the 2D-FSE and MAVRIC sequence each at both time points (3 and 12 months after surgery) by two blinded, independent radiologists with 5 and 20 years of experience, respectively. ON was considered to be present when a double serpentine line representing the ischemic-viable bone interface was visible [25] . Solitary increased bone marrow signal intensity in absence of a double serpentine line was not considered to be ON [36] . The presence and location of the ON lesion was documented using picture archiving and communication system (PACS) (Sectra IDS7, version 12.5.0.234, Sweden). Volume measurements of the ON lesion seen across FSE and MAVRIC images were performed using OsiriX software (version 5.0.2) by two readers.
Post-contrast MAVRIC images were acquired after intravenous administration of 0.1 mol/kg Gadoliniumdiethylenetriamine penta-acetic acid (Gd-DTPA, Magnevist ®; Bayer HealthCare Pharmaceuticals Inc., Wayne, NJ) at a rate of 2 cc/s followed by a saline flush. The signal intensity (SI) was measured in pre-and postcontrast coronal MAVRIC images with regions of interest (ROIs) placed in the center of the ON, in the rim of the ON, in the marrow of the ilium, in the marrow of the femoral diaphysis (FD), and in the cortical bone of the femur (Fig. 1) by the same two independent radiologists. The pre-and post-contrast images were linked together to ensure that the placed ROIs were exactly the same size and at the exact same location on both images (Fig. 1) . Standardized ROIs were set to 19.8 mm 2 unless the anatomy was too small such that partial volume artifacts would affect the measurements.
The percent (%) SI enhancement was calculated as following:
A = SI without contrast in the ROI/SI without contrast in the ROI of cortical bone B = SI after contrast administration in the ROI/SI after contrast administration in the ROI of cortical bone
The MRI SI is proportional to the concentration of Gd-DTPA in the region and the native T1 relaxation time prior to injection of contrast. However, it is also affected by many tuning and scaling parameters even between series in the same imaging session [10, 31] . The normalization to cortical bone was used to correct for minor variances in center frequency and transmit/receive gains between the pre-and post-contrast acquisitions. Cortical bone was chosen as a reference region, given the lack of signal available from free protons and the short T2 values [9, 19] This provided a region that would be minimally affected by enhancement from Gd-DTPA and therefore compensate for any changes in transmitter or receiver gain between scans.
Patients completed the short form 36 (SF-36) health survey, and the physical and mental component summaries were evaluated [35] . In addition, the patients were assessed using the Harris Hip Score (HSS) and each patient completed a visual analog scale (VAS) for pain at 12 months.
A χ 2 test was used to evaluate differences of detection rate of ON between MAVRIC and FSE images. A two-tailed Wilcoxon rank-sum test was performed to detect differences of measured ON volume between the FSE and MAVRIC acquisitions and differences of measured ON volume for each acquisition over time. A Friedman test was performed to detect differences of percent enhancement across the defined ROIs. Post hoc multiple comparison tests with Bonferroni corrections were performed when statistical significance was found. A p value of less than 0.05 was considered as statistically significant, with α=0.05. Inter-reader agreements between the two readers were accessed in a subset of patients (n=17) at each time point using kappa statistics for the detection of ON, and the interclass correlation coefficient (ICC) for assessing SI enhancement. 3 ). In addition, a power analysis was performed for the ON-volume detection and SI enhancement [37] .
Results
Twenty-one consecutive patients were enrolled in the study. Four patients did not have a 12-month follow-up MRI exam. One of the four patients went on to total hip replacement because of fixation failure, and the remaining three patients withdrew from the study after their 3-month follow-up. At 3 months postoperatively, ON was detected in 76% (16/21) of patients with pre-contrast MAVRIC images and in 67% (14/21) of patients with 2D-FSE images. At 12 months postoperatively, ON was detected in 77% (13/17) of patients with pre-contrast MAVRIC images and in 71% (12/17) of patients with 2D-FSE images. The ON detection rate was similar for images from each pulse sequence at for the combined time points, p=0.9214. ON was detected in 0% (0/21) of patients at 3 months and 6% (1/17) of patients at 12 months with conventional radiographs.
Representative FSE, MAVRIC, and radiographic images displaying the limited extent, full extent, and lack of ON within the femoral head, respectively, following FNF are shown in Fig. 2 Due to the decreased conspicuity of the ON segment on FSE images, the presence and degree of collapse was always more conspicuous on the MAVRIC images and used in the statistical analysis. Subchondral collapse was seen on MRI at 3 months in 14% (3/21) of patients with ON, which increased to 35% (6/17) after 12 months. Subchondral collapse was not seen on conventional Fig. 2 . A 71-year-old female with instrumentation of the proximal right femur for treatment of femoral neck fracture. Example of the detection of osteonecrosis (arrows) comparing a coronal 2D-FSE and b coronal MAVRIC sequences and c standard radiographs. The osteonecrosis on the 2D-FSE image is only partially detected (arrow), and its extent is underestimated as compared to the MAVRIC image (arrow) and is not discernable on the radiograph. radiographs at either time point. All cases of subchondral collapse disclosed only minimal loss of curvature of the subchondral bone; only one collapse measured 3 mm cortical depression and all others measured 2 mm or less.
There was a significantly higher percent SI enhancement in the rim of the ON (24%±22%) as compared to the center of the ON (−2%±28%), ilium (−14%±21%), and FD (−6% ± 27%) after 3 months (all p < 0.0035) (Figs. 4 and 5 ). This finding was only maintained between the rim of the ON (29%±31%), ilium (−4%± 16%), and FD (−7% ± 18%) after 12 months (all p<0.005, Fig. 5 ). The contrast enhancement difference between the center of the ON lesion and the ilium or the femoral diaphysis was similar at 3 months (p=0.09 and p=0.7) and 12 months (p=0.59 and 0.41). There was no significant change in SI enhancement at 3 months versus 12 months for the rim and the center of the ON (both p = 1.0). The inter-reader agreements for the SI enhancement were very good at 3 months (ICC=0.79) and at 12 months (ICC=0.74).
Patient-related outcome measures data was collected at 13.9±8.0 months following fracture fixation surgery. The patients had an average HHS of 85.0±14.3 and an average VAS of 1.2±2.0. The physical component summary (PCS) and mental component summary (MCS) of the SF-36 were 48.7±9.0 and 52.6±11.6, respectively. No significant correlations were found between these metrics and the corresponding presence and volume of ON at 12 months, p≥0.08. Fig. 4 . Box plots of percentage SI enhancement of the osteonecrosis rim and osteonecrosis center compared to the ilium and femoral diaphysis at 3 and 12 months after surgery as assessed from MAVRIC images; all measurements were corrected for cortical bone. Note the significant increase in percentage signal intensity enhancement in the osteonecrosis rim compared to the ilium and femoral diaphysis. Box plots are depicted with whiskers from minimum to maximum, median and interquartile range. We performed a post hoc power analysis. We had a power of 0.8 for the detection of a 1.8-cm 3 difference of ON volume at 3 months (21 patients) and for the detection of a 1.86-cm 3 difference of ON volume at 12 months (17 patients). Similarly, we had a power of 0.8 for the detection of a 14.5% change in SI enhancement at 3 months (21 patients) and 12 months (17 patients).
Discussion
This study assessed the detection rate and volume of ON around metallic implants after FNF, using standard 2D-FSE and MAVRIC imaging. In addition, semiquantitative perfusion and post-contrast SI enhancement measurements were performed using MAVRIC. The results indicate that standardized radiographs underestimate the prevalence of ON after FNF fixation as compared to MRI, and 2D-FSE images underestimate the volume of the ON as compared to MAVRIC images. The study also demonstrates that an estimated semiquantitative perfusion using the MAVRIC is feasible, and a significant increase in SI enhancement in the rim of the ON was detected.
The current study detected less than 10% of ON after internal fixation when using conventional radiographs. This result is comparable to results of previous reports that showed a prevalence of ON after internal fixation to be between 11 and 25% [1, 4, 16, 18, 27, 28] . A higher detection of ON at 3 months and at 12 months (77%) using of MRI is shown in the current study. While it seems plausible that this difference in observed prevalence of ON is most likely caused by the tomographic nature and superior soft tissue contrast of MRI, it must be noted that the majority of our patients had displaced FNF. A further explanation for the high underestimation using conventional radiographs after FNF fixation is due to the time frame of image acquisition. In general, ON is detected on conventional radiographs at a relatively late stage, in which bone changes are visible as a result of subchondral resorption or collapse [34] . Furthermore, the majority of the ON noted on MRI were located anterosuperiorly and were confined to the superficial subchondral region. The volume and extent of ON may be undetected on radiographs if the ON has a shallow depth on the femoral head and extends in the anterior-posterior direction. In this case, the ON would be seen across numerous coronal imaging planes using MRI but would be overlapped on an anterior-posterior radiograph displaying a limited area for ON subsequent detection. The current findings using MRI are in agreement with a previous study, which reported 47% of ON at 1-month follow-up with no changes in further follow-up images, despite collapse of the femoral head [32] . Even in the presence of ON, the patients in this cohort had HHS classified as Bgood^(range of 80-90) [12] , and the PCS and MCS of the SF-36 scores indicated near normative physical and mental capacities.
An interesting finding is the lack of difference in the detection rate of ON between 2D-FSE and MAVRIC but the measured volume of ON was higher using MAVRIC images.
When using an FSE sequence optimized for imaging around metallic hardware by use of a wide receiver bandwidth, ON could be detected in a small region of the femoral head; however, evaluating the full extent of ON was limited due to magnetic susceptibility artifact. MAVRIC provided superior image quality near the stainless steel fixation hardware, as previously reported [13] , and permitted greater visualization of the extent of ON. We do not attribute the larger volume of ON measured using MAVRIC to enlargement caused by artifacts since MAVRIC minimizes both in-plane and through-plane distortions relative to known dimensions in the presence of metal [22] , and it is unclear at the present time how patient treatment may be affected by knowledge of the full extent of ON. Finally, the ON was located primarily in the supero-medial quadrant in the same patient cohort by Dyke et al. [6] and correlates very well with the preoperatively measured hypoperfusion in the supero-medial quadrant using LAVA-perfusion measurements [6] .
Dynamic MRI was recently introduced to study femoral head viability after FNF, but follow-up studies have been limited to conventional radiographs, potentially resulting in a high false-negative detection rate for ON [18] . A quantitative perfusion evaluation using pre-and postoperative SI measurements from MAVRIC images was introduced in this study. Perfusion measurements frequently use gradient recalled echo (GRE) sequences for data acquisition, but these sequences would be severely degraded due to the presence of magnetic susceptibility in the setting of stainless steel hardware. MAVRIC was required to determine the percentage increase of SI due to its ability to reduce in-plane and suppress through-plane artifact near the implanted hardware. The results showed a large percentage SI enhancement at the interface of the ON and at the surrounding normal bone marrow at 3 and 12 months postoperatively. This increase in uptake may be attributable to vascular regeneration and reparative tissue in the transitional zone, as already described in previous literature [7, 23, 30] .
There are several limitations to the current study. First, the number of patients enrolled in the study was not very large, but the power analysis found sufficient power for a majority of the statistical analyses performed. Therefore, the number of patients enrolled in the study was sufficient for statistical purposes. It is challenging to enroll a large number of patients who have a displaced femoral neck fracture, who underwent surgical screw fixation (instead of hip prosthesis), and who agree to be followed by MRI examinations after 3 and 12 months. We believe the results of this study may be used with confidence in assessing patients with ON but caution that the study only evaluated patient for 1 year postoperatively and that longer follow-up evaluation may be necessary. It is unclear how the presence and extent of ON at this time point may affect clinical outcome. In addition, future studies with greater patient enrollment may be able to evaluate the correlations between the metrics of ON volume with patient age, differences of ON volume by level of Garden fracture classification, as well as the effects of gender.
Second, the detection and the volume of FSE versus MAVRIC were compared using PD FSE and MAVRIC images. The presence of ON was determined based on definitive recognition of the ischemic-viable bone interface, rather than differences of signal intensity alone. Since the detection rate of ON did not significantly differ between the unenhanced MAVRIC and the PD FSE sequences, we believe it is feasible to compare the two sequences. Third, only MRI was used to assess the presence and volume of ON. Although computerized tomography (CT) may also be used for ON detection, MRI has been shown to be the most accurate imaging modality used for the diagnosis of ON in the femoral head due to its direct multi-planar capabilities and superior soft tissue contrast [24] . Fourth, no comparison between MRI and corresponding pathology or surgical assessment of vascularity of the bony anatomy was available for the current cohort [5] . Finally, the current cohort may not be representative of all patients presenting with FNF, as most of the patients in this study had displaced FNF. The prevalence of ON may be different in patients with nondisplaced FNF, who may not require surgical fixation of their fracture.
In conclusion, conventional radiographs underestimate ON after internal FNF fixation, and MAVRIC is superior to 2D-FSE imaging for quantifying the extent of ON around metallic implants. In addition, quantitative perfusion measurements with post-contrast SI enhancement measurements using the MAVRIC sequence are feasible to provide an indirect assessment of perfusion. Future longitudinal studies with larger cohorts may provide important prediction modeling for the risk of collapse and the development of osteoarthritis, as well as the need to perform such screening procedures for ON in asymptomatic cohorts following instrumentation for treatment of displaced FNF.
